Selected ion flow tube mass spectrometry analyses of stable isotopes in water: isotopic composition of H3O+ and H3O+(H2O)3 ions in exchange reactions with water vapor  by Španěl, Patrik & Smith, David
Selected Ion Flow Tube Mass Spectrometry




Exchange Reactions With Water Vapor
Patrik Sˇpaneˇl
V. Cermak Laboratory, J. Heyrovsky´ Institute of Physical Chemistry, Academy of Sciences of the Czech
Republic, Prague, Czech Republic
David Smith
Centre for Science and Technology in Medicine, School of Postgraduate Medicine, Keele University,
Stoke-on-Trent, United Kingdom
A new method has been developed for the determination of the isotope abundance ratios of
deuterium, D, and oxygen-18, 18O, in water vapor (and water) using selected ion flow tube mass
spectrometry (SIFT-MS). H3O
1 ions are injected into the helium carrier gas where they
associate with the H2O and HDO molecules in a sample of water introduced into the carrier
gas. The D and 18O contents of the product cluster ions H8DO4
1 and H9
18OO3
1 at m/e 5 74 and
75, respectively, are determined by reference to the majority cluster ion H9O4
1 at m/e 5 73.
Allowance is made for the contribution of the H8
17OO3
1 ions to the m/z 5 74 ions. Absolute
isotopic ratios are measured within seconds without the need for precalibration of the SIFT-MS
instrument, currently to an accuracy of better than 2%. (J Am Soc Mass Spectrom 2000, 11,
866–875) © 2000 American Society for Mass Spectrometry
The major purpose of this paper is to investigate ifselected ion flow tube mass spectrometry (SIFT-MS) [1, 2] can be used to obtain deuterium/
hydrogen ratios in water vapor to a useful accuracy and
precision. Deuterium abundance ratios are convention-
ally determined in water and other compounds by first
reducing the compounds to H2 and HD following
which conventional mass spectrometry, sometimes cou-
pled with gas chromatography (GC), is used to quantify
H2
1 and HD1 ions [3]. Our interest in using SIFT-MS for
such measurements was prompted by the following
consistent observation. When mass selected hydronium
ions, H3
16O1 (m/z 5 19), are used as precursor ions for
the analysis of humid air and breath by SIFT-MS [1, 2],
ions always appear at m/z of 20 and 21 in the product
ion mass spectrum as obtained by the downstream
(analytical) quadrupole mass spectrometer. These prod-





16O1), respectively. They are formed in isotope
exchange reactions between the injected H3
16O1 ions
(which are always at much lower number densities in
the helium carrier gas than are water molecules) and the
naturally occurring HD16O, H2
17O, and H2
18O mole-
cules in the majority H2
16O molecules. Henceforth in
this paper, the majority 16O will be simply included as
O in water and ion designations. Other combinations of
the stable isotopes are possible in the ions and water
molecules, but those comprising two rare isotopes are
usually at insignificant concentrations. In addition to
the hydronium ions, the hydrated hydronium (water
cluster) ions H3O
1 z H2O, H3O
1 z (H2O)2, and
H3O
1 z (H2O)3 at m/z of 37, 55, and 73, respectively,
appear together with their corresponding D, 17O, and
18O isotopic variants at m/z 38 and 39, 56 and 57, and 74
and 75. The fractions of the larger cluster ions increase
as the amount of water vapor in the system increases as
can be seen in Figure 1a, b. A brief description of the
SIFT-MS method and further discussion of these spectra
are given later.
Clearly, there is information in these mass spectra on
the isotopic composition of the sampled water, but the
analysis required to extract isotope abundance ratios
from them is not straightforward and requires careful
discussion. To facilitate this, we first discuss the isotopic
composition of three closely related but fundamentally
different media: the liquid water sample (designated
liq), the water vapor transferred from the sample head-
space into the helium carrier gas (designated vap), and
the H3O
1(H2O)0,1,2,3 ions that comprise the ion swarm
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created in the carrier gas (designated by a subscript
ion).
Partition of HDO Between Liquid Water
and Water Vapor
In water containing a low fraction of deuterium such as
tap water, almost all the deuterium is contained in HDO
molecules. Therefore, in order to determine the deute-
rium isotope abundance ratio in liquid water, R1liq 5
D/(H 1 D), by analyzing its vapor, the partition of
HDO between the liquid and vapor phases needs to be
addressed. A difference arises because HDO has a
lower saturated vapor pressure than H2O at tempera-
tures below their boiling points. Thus, the deuterium
abundance ratio in the headspace vapor, R1vap, is lower
than the deuterium abundance ratio in the liquid, R1liq,
by factors of R1vap/R1liq 5 0.925 at 20 °C and R1vap/
R1liq 5 0.910 at 10 °C. These factors have been calcu-
lated from the vapor pressure data for H2O and D2O
given in [4] according to the relationship given in [5].
The isotope abundance ratio of 17O in the water
vapor, R2vap 5
17O/(16O 1 17O 1 18O), is very close to
that in liquid water and thus we assume R2vap 5 R2liq.
However, there is a small but measurable effect for 18O
and its abundance ratio in the vapor, R3vap 5
18O/
(16O 1 17O 1 18O), is slightly reduced below that for
the liquid, with R3vap/R3liq 5 0.990 at 20 °C [6].
Ion-Molecule Reactions
We now focus on to the ion chemistry occurring in the
carrier gas into which H3O
1 precursor ions have been
injected and a continuous flow of the water vapor to be
analyzed has been introduced. The isotopic composi-
tion of the ion swarm is primarily determined by the
kinetics of the ion–molecule reactions. No experimental
data are available on the reactions of H3O
1 with HDO,
but data are available on the reaction of H3O
1 with D2O
[7, 8]. SIFT studies of this reaction (and the mirror
isotope reaction of D3O
1 with H2O) [8, 9] showed that
D and H atoms are distributed statistically in the
product ions:
H3O





The quoted branching ratios refer to the single collision
limit as obtained by extrapolation to zero pressure of
D2O in these SIFT experiments. From a consideration of
the zero-point energies in the reactants and products,
these isotope exchange reactions are seen to be endo-
thermic [8]. The enthalpy changes were estimated to be
about 0.5 kJ/mol, which is not sufficient to greatly
influence the rates of these reactions at a temperature of
300 K [8]. Thus the rate coefficient for reaction 1 at 300
K was measured, within the experimental errors, to be
equal to the collisional rate coefficient [7, 9]. These same
features were also apparent for the H3O
1 z (H2O)1,2,3
reactions with D2O and their mirror isotope reactions,
showing that near-statistical scrambling also occurred
in the larger intermediate cluster ion complexes. It
should be noted that at the higher energies accessible in
ion–molecule beam studies, departures from statistical
scrambling occur in these reactive systems [10]. Similar
behavior has recently been observed in ion cyclotron
resonance experiments [11]. A further important point
to note is that in the SIFT kinetics studies of reaction 1,
H2O was not present in the flow tube and so the reverse
reaction could not occur. Under these circumstances,
Figure 1. Spectral scans over the range of mass-to-charge ratio,
m/z, from 10 to 100 obtained using SIFT-MS, as water vapor is
flowed into the helium carrier gas into which H3O
1 ions have
been injected upstream. (a) Modest flow rate of tap water vapor
that results in only partial conversion of the H3O
1 ions to the three
hydrates H3O
1(H2O)1,2,3. Note the appearance of the D,
17O, and
18O rare isotopic variants of these majority ions, M, at masses
(M 1 1) and (M 1 2). (b) Larger flow of tap water vapor showing
the increased production of the larger hydrates and the domi-
nance of the H3O
1(H2O)3 hydrate at m/z 5 73. Note the increase
in the ratios of the count rates, c/s, of the rare/common isotopic
variants of these ions, (M 1 1)/M and (M 1 2)/M, with increas-
ing hydration. (c) Analogous spectra obtained when the head-
space of a 1% mixture of D2O in tap water is flowed into the
SIFT-MS. Note the obvious increase in the (M 1 1)/M ratios
compared to those in (b), the result of the increased abundance of
deuterium in the headspace water vapor.
867J Am Soc Mass Spectrom 2000, 11, 866–875 STABLE ISOTOPE ANALYSES USING SIFT-MS
the addition of sufficient D2O ensured that consecutive
isotope exchange reactions led to the terminating ion
D3O
1. For equivalent conditions, the D3O
1 reaction
with H2O led to the terminating ion H3O
1. However,
when both H2O and deuterated water are present in
sufficient concentrations in the carrier gas, as is the case
in SIFT-MS analyses, an equilibrium composition of the
ion swarm may be established via a sequence of reac-
tions between the ions and the water vapor molecules.
Equilibrium
The determination of the deuterium abundance ratio in
water vapor, R1vap, using gas phase ion chemistry
requires an understanding of the kinetics and thermo-
dynamics of the following reactions:
H3O
1 1 HDOº H2DO
1 1 H2O (2)
As noted above, there have been no experimental
studies of these reactions, presumably due to the obvi-
ous difficulty of preparing HDO in isolation. The equi-
librium constant K for this reactive system is 3/2 when
enthalpy and entropy differences (other than the obvi-
ous statistical factors due to different number of hydro-
gen atoms in H2O and H3O
1) are insignificant. How-
ever, enthalpy and total entropy effects must be
considered when D/H exchange is occurring in small
molecules. The enthalpy change in reaction 2 is ob-
tained from the differences between the zero-point
energies (ZPE) of the reactants and products. We have
calculated the frequencies of the normal modes of
vibration (and hence obtained the ZPE) for the neutrals





1 using the G2 ab initio method [12,
13]. These calculations indicate that the ZPE calculated
for the H2O and D2O are 3% too low when compared to
the accepted values [8] and so we scaled the calculated
ZPE obtained for the HDO by a factor of 1.03. The ZPE
obtained for H3O
1 and D3O
1 are 3% larger than the
accepted values [8] and so we scaled the calculated ZPE
for the H2DO
1 ion by a factor of 0.97. Thus, the
enthalpy change in reaction 2 is found to be DH 5 0.4
kJ/mol. We have also calculated the entropy change DS
from a consideration of the translational and rotational
entropies and the symmetry numbers to be 3.4
J/mol/K. The equilibrium constant can now be ob-
tained using the familiar relations: ln K 5 2DG/RT
and DG 5 DH 2 TDS. Thus K 5 1.11 which is seri-
ously lower than the value 3/2 expected on the basis of
number of hydrogen atoms alone. Nevertheless, if the
reaction system 2 reaches equilibrium in the SIFT-MS
flow tube, then a measurement of the ion signal ratio
H2DO
1/H3O
1 coupled with this calculated K value
should provide the abundance of deuterium in the
water vapor present in the flow tube.
Three-Body Association Reactions
The following three-body association reactions that can
occur in parallel with the two-body reaction 2 compli-
cates this apparently straightforward situation:
H2DO
1 1 H2O 1 Mº (H4DO2
1)* 1 M (3a)
H3O
1 1 HDO 1 Mº (H4DO2
1)* 1 M (3b)
In a typical SIFT experiment, these association reactions
are not necessarily in equilibrium, because the number
density of the H3O
1 (and H2DO
1) ions is changing
along the flow tube and sequential association reactions
occur producing the higher order hydrates. The tran-
sient (H4DO2
1)* ions possess a considerable amount of
energy (the binding energy of H2O to H3O
1 is some 134
kJ/mol [14]). So scrambling of the D and H atoms can
occur within this excited complex ion either through
(“tunneling”) or over the relatively small potential
barrier presented to the movement of H and D atoms
within the deep potential well [7, 8]. Thus, the subse-
quent spontaneous dissociation of the excited ions
tends to produce a near statistical distribution of the D
and H atoms among the separated ions and molecules.
Hence, a prediction of the relative abundance of the
H2DO
1 and H3O
1 ions based on the assumption that
thermodynamic equilibrium is achieved is inappropri-
ate when ion–molecule association is simultaneously
occurring (reactions 3a and 3b). The experimental data
presented in the next section are discussed in the light
of this phenomenon. Note that most of the (H4DO2
1)*
excited ions that are formed do spontaneously dissoci-
ate, only a small fraction being stabilized in collisions
with the third bodies, M, which in SIFT experiments are
normally the helium carrier gas atoms.
Ion Chemistry of H3O
1(H2O)3 in the
Presence of HDO and H2O
When there are water vapor molecules in the helium
carrier gas, three-body reactions with H3O
1 result in
the production of hydrated ions. At sufficiently large
water concentrations, H3O
1(H2O)3 becomes the domi-
nant ion as can be seen in Figure 1b. Because of the large
number of hydrogen atoms in this polyatomic ion, it
seems that this cluster ion should be the most appro-
priate ion for the determination of the deuterium abun-
dance ratios in water. This is indeed the case as we
show later. However, this does require some under-
standing of the reactions of the H3O
1(H2O)3 cluster ion
with water vapor. In this we are ultimately concerned
with the following isotope exchange reactions:
H3O
1(H2O)3 1 HDOº H8DO4
1 1 H2O (4)
The earlier SIFT studies of the reactions of the
H3O
1(H2O)3 cluster ion with D2O [7, 8] showed that the
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H and D atoms quickly become thoroughly mixed
within the intermediate complex ion (H9D2O4
1)* and
such must also occur in reaction 4. Calculations of the
enthalpy and entropy changes for reaction 4 are not
trivial, but it is reasonable to assume that the DH will be
smaller than that for reaction 2. In effect, DH is zero at
300 K. We can also postulate that for reaction 4 the
translational and rotational entropy changes are rela-
tively small and that DS is entirely described by statis-
tical factor. Hence, the equilibrium constant K 5 9/2.
Thus, it is to be expected at 300 K in a SIFT-MS
experiment that when equilibrium is established in
reactive system 4, the deuterium abundance ratio in the
ion swarm, R1ion, will be equal to that in the vapor,
R1vap.
It is worthy of note that no significant further asso-
ciation of H3O
1(H2O)3 ions with water molecules oc-
curs at 300 K in these SIFT experiments, because less
than 1% of the total ions are H3O
1(H2O)4 ions. Thus
competing association does not significantly disturb the
equilibrium attained in reaction 4.
The speed of approach to equilibrium in these reac-
tive systems largely depends on the number density of
water molecules, and the bimolecular rate coefficients
for the isotope exchange and the ligand switching
reactions (e.g., reactions 2 and 4). The rate coefficients
for these reactions have been measured previously to be
close to their respective collisional rate coefficients at
300 K, i.e., close to 2 3 1029 cm3 s21 [15]. In SIFT-MS
experiments, the number density of water molecules
can be increased to more than 1013 cm23. Under these
conditions, it is readily shown that equilibrium should
be established in about 1 ms. This compares with the
reaction time in these SIFT-MS systems of 5 to 10 ms.
Hence, there appears to be no experimental impedi-
ments to the use of SIFT-MS to determine stable isotope
abundance ratios in water vapor. However, note again
that equilibrium is disturbed in the H3O
1 reactive
system 2 by the association reaction 3. This complicates
the use of the H3O
1 system for R1vap determinations as
we demonstrate later.
Finally, it is worthy of note that describing the
energetics of the intermediate cluster ions H5O2
1 and
H7O3
1 is more problematic, because enthalpy and en-
tropy effects are finite but difficult to quantify and these
ions also undergo three-body association with H2O.
These systems are therefore best explored experimen-
tally.
Distribution of the Ion Signals and
Isotopomer Overlap
The final issue to be addressed is the relationship of
R1ion to the measured mass spectrometric ion signals.
Inspection of the mass spectrum in Figure 1c reveals
that the relative signal intensities of the heavy isotopic
variant ions with respect to the intensities of their main
isotopic variant ions increase with the degree of hydra-
tion of the water cluster ions. This is largely due to the
probabilities of finding the heavy isotopes in the ions,
which clearly increase with the number of H atoms and
O atoms in the ions. The distribution of the ion signals
can be expressed according to a binomial distributions
[16]. For the case of the deuterium isotopes only, the
relative intensities of the individual isotopic variants of
ions of mass M can be expressed as:
[M] 5 (1 2 R1ion)
n (5a)
[M 1 1] 5 nR1ion~1 2 R1ion!
n21 (5b)




m ~1 2 R1ion!
n2m (5c)
n is the number of hydrogen atoms in the molecular ion
(for H3O
1, n 5 3), m is the number of deuterium atoms
in the isotopic variants of the ions (m 5 0, 1, 2, . . . ),
and R1ion is the isotope abundance ratio of the D isotope
among all hydrogen (including deuterium) atoms in the
observed swarm (ensemble) of hydronium ions or par-
ticular hydrated hydronium ions. For example, the
H2DO
1 and H3O
1 ion signal ratios can be expressed
using eqs 5a and 5b for n 5 3 as
[H2DO
1]/[H3O




For R1ion ,, 1, this ratio converges to 3R1ion. Similarly,
for the first, second, and third H3O
1 hydrates the
corresponding ion signal ratios will be approximately
5R1ion, 7R1ion, and 9R1ion, respectively. The actual rela-
tion for the important case of the third hydrate is
[H8DO4
1]/[H9O4




So the deuterium abundance is effectively amplified in
the hydrated ions (compared to that in the water vapor)
and this facilitates its determination with a mass spec-
trometer. As can be seen in Figure 1, the ion signals
ratios [20]/[19], [38]/[37], [56]/[55], and [74]/[73] do
approximately conform to 3:5:7:9. However, the R1ion
for the different hydrates are not identical due to the
influence of three-body association reactions and small
entropy and enthalpy effects as discussed above.
A very important fact from the analytical viewpoint
is that the 17O isotopic variant ions contribute signifi-
cantly to the measured [M 1 1]/[M] ion signal ratio.
The signal intensities of the 17O variant ions increase
with the degree of hydration approximately as 1R2 ion,
2R2ion, 3R2ion, and 4R2ion, i.e., in accordance with the
isotope abundance ratios R2ion 5
17O/(16O 1 17O 1
18O). Thus, for example, when attempting to derive
R1vap from the ratio of ion signals at m/z at 19 and 20, the
contribution of the ion H3
17O1 to the ion signal at m/z 5
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20 must to be taken into account. In environmental
water the isotopic ratio 17O/O is R2liq 5 0.000380 [17,
18], which should be compared with that for the D
abundance ratio in standard mean ocean water
(SMOW), i.e., R1liq 5 0.000156 [19]. Fortunately, be-
cause of the relatively small mass differences of the
oxygen isotopes, kinetic isotope effects and enthalpy
and entropy differences are unimportant at 300 K in the









So we can assume R2ion 5 R2vap. The separate contribu-
tions of H2DO
1 and H3
17O1 to the total ion signal at
m/z 5 20 are thus comparable. Hence, the accuracy of
an absolute R1 determination is dependent on the
accuracy of the derived H3
17O1 contribution and hence
on the adopted value of R2. Similarly, considering the
third hydrate H9O4
1, the actual signal level of the ion at
m/z 5 74 will include a contribution due to the 17O
isotopic ion, which must be accounted for when deter-
mining R1vap. Because in this large cluster ion there are
four oxygen atoms, the 17O isotopic ion contributes an
amount 4R2ion.
It now follows that the signal intensity ratios of the
18O variants of the ions also increase with the degree of
hydration approximately as 1R3ion, 2R3ion, 3R3ion, and
4R3ion according to the isotope abundance ratios
R3ion 5
18O/(16O 1 17O 1 18O). Inspection of the data
in Figure 1c shows that the 18O isotopic variant ions do
increase approximately in accordance with this simple
prediction, but not exactly so for the same reasons as is
mentioned above for the 17O variant ions. The 18O/O
ratio in environmental water (R3liq) is 0.002005 [17, 18].
This greatly exceeds both R1liq and R2liq. Thus, the ion
H3
18O1 is the majority isotopic variant ion in the H3O
1
system as can be seen in Figure 1. This ion signal at
m/z 5 21 can be complemented by doubly deuterated
HD2O
1 ions when the HDO/H2O ratio is relatively
large. This we show later for the analyses of 1% mix-
tures of D2O in H2O (see Figure 1c), but this effect is
insignificant for dilute HDO/H2O mixtures like envi-
ronmental water. Similarly, the 18O isotopic variant of
the [H9O4
1] ion at m/z 5 75 will have a signal level of
4R3ion, with an additional contribution from the doubly
deuterated ion H7D2O4
1 for rich HDO/H2O mixtures.
The question now is “does the analysis of these ion
signal ratios offer the opportunity to determine stable
isotope abundance ratios in water vapor, especially D
and 18O abundance ratios?” The answer is a qualified
yes, but all depends on the accuracy of the ion signal
ratios and a proper appreciation of the kinetics and
thermodynamics of the reaction processes linking the
isotopic composition of neutral vapor to the isotopic
composition of the ion swarm as discussed above.
Ultimately, it is the required accuracy and precision of
the isotopic ratios that determines if this approach is
useful. The analysis presented above allows the predic-
tion, at equilibrium, of the relative signal levels at m/z of
19, 20, and 21 in the H3O
1/HDO reactive system and at
73, 74, and 75 in the H3O
1(H2O)3/HDO system. Thus,
measurements of the relative count rates of these ions
should provide stable isotope abundance ratios in water
vapor introduced into the SIFT-MS apparatus as long as
reactive system 2 and reactive system 4 are in equilib-




The SIFT-MS analytical method has been described in
detail in some recent reviews [1, 2, 20]. It is based on the
well-known SIFT which has been used for more than
two decades to determine the rate coefficients and ion
products of many ion–molecule reactions at thermal
energies [20]. SIFT-MS essentially inverts such kinetics
studies in that knowing the rate coefficient of a chosen
(mass selected) ion with a particular molecular species,
then the rate of flow of that species into the flow tube
can be determined. In this way, the trace gases in
complex mixtures such as human breath can be quan-
tified [1, 2]. In practice, chosen precursor ion species
(H3O
1, NO1, and O2
1 ions are the most suitable [1, 2])
are injected into fast-flowing helium carrier gas where
the ions react with the trace gases in an air or breath
sample that is introduced into the carrier gas via a
downstream entry port. The precursor ions and the
product ions of the reactions are detected and counted
by a downstream mass spectrometer/detection system.
Using these mass spectrometric data, the analysis of the
air/breath sample is achieved. In the isotopic analyses
that are the subject of this paper, H3O
1 precursor ions
are used, which on addition of a water sample partially
convert to H3O
1(H2O)1,2,3 ions. The H3O
1(H2O)3 cluster
ions are best used to determine the D and 18O abun-
dance ratios in the water sample, exploiting the isotope
exchange reactions discussed above.
Four very important practical points must be
stressed if accurate isotope ratios are to be obtained.
(i) For precise determinations of the relatively small




ions), the largest possible counts rates of all species are
desirable to minimize random errors. However, for
accurate determination of the relatively large precursor
ion counts rates (e.g., H9O4
1 ions) the ion detector,
usually a channeltron, and the pulse counting electron-
ics must be capable of faithfully counting the highest
count rates without introducing a systematic error. The
maximum count rate of precursor ions in these studies
is 50,000 counts per second, c/s, that is one count per 20
ms on average. To record these high count rates accu-
rately, the counting system must be capable of counting
at 107 c/s and even then the dead time of the detection
system has to be accounted for. All the data presented
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in this paper have been obtained by using the appro-
priate instrumental “dead times.”
(ii) The separation of ions between adjacent masses
by the analytical (downstream) mass spectrometer must
be such that no significant fraction (less than 1025) of
the ions of the major peak overlaps with the ions of the
adjacent minor peak.
(iii) There should be insignificant mass discrimina-
tion between the ions used to obtain the isotopic ratios.
This means that the analytical quadrupole mass spec-
trometer must be operated at the lowest practical reso-
lution consistent with the previous point. This problem
is less serious than is usual in mass spectrometry,
because we are only concerned with ions that differ by
one and two mass units. The results obtained in this
study strongly indicate that mass discrimination is not
a significant problem in this work.
(iv) The accurate definition of the ion masses is
essential to ensure that the ion counts can be integrated
in mass regions that are of identical width (0.3 mass
units in this study) and spaced by exactly 1 mass unit,
see Figure 2. In practice, this means using a 16 bit D/A
converter to control the mass setting of the downstream
analytical quadrupole mass spectrometer.
The principal source of random errors in these ex-
periments relates to the Poisson distributions of the
acquired ion counts, and their magnitudes can be
assessed as the square root of the total counts. The ion
counts were accumulated from 10 sequential scans of
the mass spectrometer, each of 10 s.
The experimental data were obtained using two
instruments, the SIFT in Prague and the prototype
transportable SIFT instrument (TSIFT, custom-made by
Europa Scientific, Crewe, UK, according to our design)
located at Keele University. Total consistency was ob-
tained between the data obtained from the two instru-
ments. Day-to-day and run-to-run reproducibility of the
measurements was excellent using both instruments.
Water Samples
We investigated two sample water systems in this
study. The first is a prepared mixture of (0.99 6 0.01)%
molar concentration of D2O in tap water as a control
and a check on this SIFT-MS method for deuterium
abundance analysis. The second is tap water alone,
which represents the weakest HDO/H2O mixture that
is likely to be analyzed in practice. The water samples
were contained in sealed containers from which air had
been excluded and the water vapor headspace was
flowed into the SIFT-MS. When D2O is added to water
at the 1% level, we assume that each D2O molecule
quickly converts to two HDO molecules. Because the
ratio of the HDO and H2O saturated vapor varies with
temperature, the water reservoir needs to be tempera-
ture controlled, preferably at a constant temperature
below the temperature of the heated sampling pipe
transferring the vapor into the flow tube of the SIFT-MS
to inhibit condensation. In all the experiments described
in this paper, the water reservoir was held close to
20 °C. Thus for the prepared 1% D2O/H2O mixture, we
determine that the reduction factor for the headspace
deuterium abundance is R1vap/R1liq 5 (0.925 6 0.01)
and the D abundance ratio in the vapor is R1vap 5
(0.0091 6 0.0002). The equivalent R1vap for the vapor
Figure 2. Limited spectral scans over the m/z ranges 18 to 22 and 72 to 76 as the headspace vapor of
a 1% mixture of D2O in tap water is flowed into the SIFT-MS (see Figure 1c). The clear separation of
the mass peaks is obvious; mean count rates were obtained by averaging over 0.3 mass units as
indicated by the vertical dotted lines. Note the increasing (M 1 1)/M and (M 1 2)/M ratios with the
degree of hydration due to the “isotopic amplification” effect (see the text).
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above the tap water at 20 °C is (0.000144 6 0.000002) [5,
19].
Results of Experiments and Discussion
1% D2O in Tap Water
Figure 1c is a spectral scan showing the formation of the
hydrated hydronium ions as the deuterium-enriched
tap water flows into the helium carrier gas. The analysis
of this spectrum confirms that the H3O
1 ions are
slightly enriched in D with respect to the value pre-
dicted for equilibrium in the reactive system 2. The
H5O2
1 ions are significantly depleted in D, mirroring the
enrichment of D in the H3O
1 ions, and the H7O3
1 ions
are slightly depleted in D relative to the third hydrate
H9O4
1 ions which have a D abundance ratio closely
equal to that of the vapor.
To obtain more precise data for the H3O
1 and H9O4
1
systems, limited spectral scans of the downstream mass
spectrometer over the m/z ranges 18 to 22 and 72 to 76
were performed for several flow rates of the headspace
vapor above the HDO/H2O liquid. The sample spectra
in Figure 2 show the relevant peaks at m/z 19, 20, and 21
and 73, 74, and 75. Each of these spectra was acquired
over a time period of 100 s. Acquiring the data over
longer time periods will obviously improve the count
rate statistics and therefore improve the measurement
precision.
These spectral data were analyzed to determine
R1vap in the deuterium-enriched water vapor, consider-
ing the separate contributions of H2DO
1 and H3
17O1 to
the m/z 5 20 ion signal and adopting a value for R2vap





1 R2vap/~1 2 R2vap! (9)
This relation is derived from eq 6 considering the
equilibrium constant for reaction 2, K 5 1.11, given
previously.
The data for the m/z 73 and 74 ions were treated in
the same way accounting for the separate contributions
of the D and 17O isotopic variants to the 74 ion using the
relation
@74#/@73# 5 9R1vap/~1 2 R1vap!
1 4R2vap/~1 2 R2vap! (10)
The data obtained for both pairs of ions are presented in
Figure 3a in terms of the ion signal ratios [20]/[19] and
[74]/[73] plotted against the number density of water
molecules in the helium carrier gas. Note that there is
no obvious variation of the ion signal ratios with the
water vapor number density, indicating that equilib-
rium or quasiequilibrium has apparently been estab-
lished among the [20]/[19] and the [74]/[73] ions. The
horizontal lines drawn through each set of points indi-
cate the mean value of each ion ratio. These mean
values are given in Table 1. The values of R1 vap were
calculated for each ion ratio at the corresponding water
vapor number density using relations 9 and 10. These
R1vap are also shown in Figure 3a together with their
mean values, which are also given in Table 1. It can now
be seen that the R1vap obtained from the [74]/[73] signal
Figure 3. (a) Ion signal ratios [20]/[19] (open diamond) and
[74]/[73] (filled diamond) and the corresponding derived values
of R1vap (open square and filled square), together with their mean
values, determined as the vapor above the 1% D2O/H2O mixture
is flowed into the SIFT-MS. (b) The ion signal ratios [21]/[19]
(open diamond), which in this special case are equal to R3vap, and
[75]/[73] (filled diamond) and the corresponding derived values
of R3vap (filled square), together with their mean values. Note that
there are no obvious variations of the ion signal ratios with the
water vapor number density (cm23) in the helium carrier gas.
Table 1. Comparison of the expected D isotope abundance
ratios with the values derived from the measured values of ion
signal ratios at 300 K
1% mix Tap water
R1liq 0.0099 6 0.0001 0.000156 6 0.000003
a
R1vap
b 0.0091 6 0.0002 0.000144 6 0.000003
[20]/[19] signal ratios 0.0267 6 0.0003 0.000817 6 0.000021
R1vap from [20]/[19]
c 0.0118 6 0.0002 0.000197 6 0.000006
[74]/[73] signal ratios 0.0833 6 0.0018 0.002851 6 0.000036
R1vap from [74]/[73]
d 0.0091 6 0.0002 0.000148 6 0.000004
aData for SMOW [19]; the uncertainty indicates likely local variations in
R1liq.
bCalculated from the vapor pressure data for H2O and D2O given in [4]
according to the relation given in [5].
cCalculated using eq 9.
dCalculated using eq 10.
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ratio is identical to that calculated from the known
D2O/H2O mixing ratio and the vapor/liquid partition
coefficient (see the Experimental section). This indicates
that the D/H exchange reactive system 4, which deter-
mines the 74/73 ratio, is indeed in close equilibrium.
However, the derived value of R1vap obtained from the
[20]/[19] signal ratio, assuming equilibrium in reactive
system 2, is clearly too high (by a factor of about 1.3).
This is because, as expected, this system does not reach
true equilibrium, but rather there are excess H2DO
1
ions as a result of the intervention of the association
reactions 3a and 3b. So these measurements show that
the [20]/[19] ratios cannot be used for accurate R1vap
determinations, and confirm that the 74/73 ion ratios
can be used to accurately determine D abundance in
water vapor.
Following the determination of R1vap, the
18O/16O
abundance ratio, R3vap, can be obtained from the [21]/
[19] and [75]/[73] ratios by considering the separate
contributions of H3
18O1 and HD2O




1 to the 75 ion, using the
relations
@21#/@19# 5 R3vap/~1 2 R3vap!
1 3R1vap
2 /~1 2 R1vap!
2 (11)
@75#/@73# 5 4R3vap/~1 2 R3vap!
1 36R1vap
2 /~1 2 R1vap!
2 (12)
The data are presented in Figure 3b in terms of the ion
signal ratios [21]/[19] and [75]/[73] plotted against the
number density of water molecules in the helium car-
rier gas. Note again that there is no obvious systematic
variation of the ratios with water vapor number density
indicating that equilibrium has apparently been estab-
lished among the [21]/[19] and the [75]/[73] ions. The
horizontal lines drawn through the points indicate the
mean values of the ion ratios, which are also given in
Table 2. The values of R3vap were calculated for each
datapoint using relations 11 and 12 and these are also
shown in Figure 3b together with their mean values,
which are also given in Table 2. Clearly, within the
uncertainties of measurement, the R3vap determination
using both ion groups are in good agreement with the
expected value, indicating that there are no disturbing
enthalpy and entropy effects in isotope exchange reac-
tion such as reaction 8 involving only oxygen isotopes.
Tap Water Only
The above experiments using a known concentration of
D2O in tap water well demonstrate that this new
analytical method, which exploits isotope exchange in
the reaction of H3O
1(H2O)3 ions with HDO, can be used
to determine D and 18O abundance ratios (i.e., R1vap and
R3vap) in water vapor. These measurements equally
well demonstrate that the corresponding H3O
1/HDO
reactive system cannot be used with confidence to
determine R1vap.
In the light of the above results, we have carried out
similar experiments using tap water in which the frac-
tion of deuterium (as HDO) is relatively low. Figure 1a,
b are spectral scans showing the formation of the
hydrated hydronium ions as tap water is flowed into
the helium carrier gas. As before, to obtain more accu-
rate data for analyses, limited spectral scans of the
downstream mass spectrometer over the m/z range 72 to
76 were performed for several flow rates of the head-
space vapor above the liquid water. A typical spectrum
is presented in Figure 4. The detailed results are pre-
sented in Figure 5a in terms of the ion signal ratio
[74]/[73] plotted against the number density of water
molecules in the helium carrier gas. Note again that
there is no obvious variation of the ion ratio with water
Table 2. Comparison of the expected 18O isotope abundance
ratios with the values derived from the measured values of ion
signal ratios at 300 K
1% mix Tap water
R3liq
a 0.00200 6 0.00001 0.00200 6 0.00001
R3vap
b 0.00198 6 0.00001 0.00198 6 0.00001
[21]/[19] signal ratios 0.00200 6 0.00004 0.00195 6 0.00005
R3vap from [21]/[19]
c 0.00200 6 0.00004 0.00195 6 0.00005
[75]/[73] signal ratios 0.01120 6 0.00050 0.00810 6 0.00016
R3vap from [75]/[73]
d 0.00203 6 0.00004 0.00202 6 0.00004
aData from [17, 18].
bCalculated according to the data given in [6].
cCalculated using eq 11.
dCalculated using eq 12.
Figure 4. Limited spectral scans over the m/z range 72 to 76 as the
headspace of tap water is flowed into the SIFT-MS (see Figure 1b).
Mean count rates were obtained by averaging over 0.3 mass units
as indicated by the vertical dotted lines. Values of R1vap and R3vap
are derived from the [74]/[73] and [75]/[73] ion signal ratios,
respectively, as described in the text.
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vapor number density indicating that equilibrium has
been established among the [74]/[73] ion system in
reaction 4. The horizontal lines drawn through the
points indicate the mean value of the [74]/[73] ratio,
which is also given in Table 1. The values of R1vap
calculated from the [74]/[73] ratio for each datapoint
using relation 10 are also shown in Figure 5a together
with their mean value. This mean R1vap is given in Table
1 where it can be seen that the agreement between the
measured R1vap and the expected value is good, the
difference being within the experimental error. This
confirms that this [74]/[73] ion system can be used with
confidence to determine R1vap in water vapor even at
low D abundance.
Parallel measurements were also made using the
[20]/[19] ion signal ratios and the results are given in
Table 1. As expected, the mean value of the [20]/[19]
and consequently the derived value of R1vap are again
too large, as was the case for 1% D2O/H2O mixture.
Hence we do not include the detailed data in Figure 5.
Following the determination of R1vap, the
18O/O
abundance ratio, R3vap, can be obtained from the [75]/
[73] ratio in accordance with relation 12. The ion ratios
and the derived R3vap values are shown in Figure 5b
including their mean values, which are also given in
Table 2. The results of the parallel measurements of the
[21]/[19] ratio and the derived values of R3vap are also
given in Table 2. The good agreement of the R3 values
derived from both the [21]/[19] and [75]/[73] ion signal
ratios and their agreement with the expected value is
entirely in accordance with expectations following the
results of the D2O/H2O studies described above.
Concluding Remarks
We have introduced a new method for the determina-
tion of the abundance ratios of the stable isotopes D and
18O in water that exploits the gas phase reaction of
H3O
1(H2O)3 ions with water vapor molecules. The
appreciation that “isotopic amplification” occurs in the
exchange reactions of hydrated hydronium ions with
HDO (due to the increased number of hydrogen atoms)
is an obvious but significant advancement. In these
experiments we used the SIFT-MS method in which
mass selected H3O
1 ions are injected into helium carrier
gas where they react with added water to form the
hydrated hydronium ions H3O
1(H2O)3 that are used for
the isotopic analysis. It is because thermodynamic equi-
librium is rapidly established in this D/H exchange
reactive system that accurate determinations of the D
abundance ratio in the water vapor are possible. A
critical point to emphasize is that the parallel occur-
rence of association reactions does not prevent the
attainment of equilibrium as can be deduced from the
data given in Figure 3.
The precision of the D and 18O abundance ratio
determinations is seen to be somewhat better than 2%.
This could be improved by creating larger number
densities of H3O
1(H2O)3 ions in the helium carrier gas
and by using longer integration times, when a precision
better than 1% is quite feasible. Accurate determina-
tions of the ion signal ratios are vital. In practice, this is
largely dependent on a proper appreciation of the
parameters of the ion detector and the counting system
such as linearity and the dead time. For both the SIFT
and TSIFT instruments used in this study, the differ-
ences between the expected and measured values of the
abundance ratios for the standard 1% D2O/H2O mix-
ture were less then 1% for D and less then 2% for 18O.
Note, that unlike most other ostensibly more sensi-
tive and accurate methods for the determination of
stable isotope ratios [3], our new approach does not
require the use of standard reference mixtures and
repeated calibration, but only accurate quantitative
mass spectrometry. For this we use quadrupole mass
spectrometers operated at acceptably low resolution,
which thus exhibiting minimal mass discrimination.
Then accurate ion signal ratios can be obtained for ions
of adjacent masses (m/z 5 73, 74, and 75 in this analyt-
ical method). Of course, other types of mass spectrom-
eters could equally well be used as long as the potential
problems mentioned above are avoided.
A major motivation for this work is the need for a
rapid, noninvasive method for the determination of
total body water for patients with end-stage renal
failure. To achieve this, we intend to use isotope dilu-
tion following the ingestion of an accurately measured
amount of D2O coupled with a simple breath measure-
ment of the D abundance ratio in expired water vapor.
Figure 5. (a) Ion signal ratios [74]/[73] (filled diamond) and the
corresponding derived values of R1vap (filled square), together
with the mean value, determined as the vapor above tap water is
flowed into the SIFT-MS. (b) The corresponding ion signal ratios
[75]/[73] (filled diamond) and the corresponding derived values
of R3vap (filled square) together with the mean value.
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Ideally, the on-line analysis of single exhalations of
breath should be carried out, but to obtain the required
precision of the measurement in such a short time
(about 5 s) some further developments of this new
analytical method are required. Most importantly it is
necessary to increase the overall count rate of the
product ions in order to allow the data to be acquired in
the available time (a typical breath exhalation) with
good statistical precision. In this we have recently made
significant progress to the point that we can now indeed
determine total body water from measurements on
single breath exhalations to a reproducibility of about
1% using the 73/74/75 hydrated hydronium ions
formed from breath water vapor. These further ad-
vances will soon be reported.
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